The soil purification capacity for treating pig slurry was evaluated over five years using a hydrologically isolated field treatment plant , the so-called ''Solepur'' process . This involves three operations : (1) overdosing the managed field with surplus slurry , (2) collecting and treating the nitrate rich leachate , (3) irrigating the final treated water over other fields . The facility consists of (1) a managed field (3280 m 2 ) which allows the total recovery of all the leachate water which percolates through growing ryegrass , Lolium perenne , to which the pig slurry is applied , (2) a storage-pumpreactor system for denitrification and (3) a nonmanaged field for completing treatment .
The purpose of this study was to evaluate over a five year monitoring period , the feasibility and performances of such a process , and to determine the optimum operating conditions . From 
. Introduction
Brittany (Western France) is well identified as one of the main regions of intensive animal production in the EC , 1 since it is at the heart of the French pig and poultry industry in an area which produces more than 50% of the pigs , and 41% of poultry , within 7% of the agriculturally used land .
carbon .
7-9 Alternatively , sedimentation techniques were shown to have the potential to concentrate the insoluble matter of treated slurry into a sludge phase , thus complementing aerobic treatment .
10 These conventional processes and further the central processing units require sophisticated equipment and skillful operation .
11
Spreading on land is the current agricultural practice but on most pig farms , there is a lack of land available to dispose of the slurries produced . It is now regulated by restrictive legislation , to avoid pollution problems from excess nitrates in surface waters and aquifers .
As an alternative to land spreading , some investigators have suggested using simple methods through natural soil and water processes to treat pig slurries .
12
Polprasert et al .
13 evaluated the treatment performance of water hyacinth ponds and observed percentage removal ef ficiencies of 50 to 90% for carbon and total nitrogen from a pig wastewater influent .
The soil is a well-known purifying system .
14 , 15 It has been used successfully to treat a variety of domestic and industrial waters ,
,17
and pig and cattle wastes .
18-20
The soil treatment process developed in the USA and called a barriered landscape wastewater renovation system (BLWRS) consists of a mound of soil underlain by an impermeable barrier and drainage system which creates an aerobic zone in the top of the BLWRS and an anaerobic zone next to the impermeable barrier (Ritter and Eastburn
19
) .
The system developed in France by Bertrand (reported by Bertrand et al .
,22
) and identified as ''Solepur'' involves reserving a field which is managed to take surplus slurry . It is based on a BLWRS approach , except that the drainage water collected from the field (nitrate rich) , is subsequently denitrified in an open basin . Denitrification requires the availability of an electron donor and the organic matter present in pig wastes is able to satisfy this need . The denitrified liquid is then recycled back to the field through irrigation .
The initial stage of this work was a preliminary laboratory study to test the approach . The extent of nitrification was evaluated in experiments using monolith lysimeters , and denitrification was studied during separate laboratory experiments .
21 Once this initial work had been carried out , it was decided to evaluate this approach further using a field treatment plant .
23 This paper reports (1) a description of the Solepur field treatment plant and its main characteristics ;
(2) the soil purification performances ; and (3) the nitrogen removal processes including denitrification performed in situ and during laboratory studies .
. Methods and procedures

. 1 . The Solepur treatment process
The Solepur treatment unit ( Fig . 1 ) consists of (1) a drained and hydrologically isolated field of 3280 m 2 which allows the total recovery of all the leachate water which percolates through growing ryegrass , Lolium perenne , to which pig slurry is applied ; (2) a system of storage-pump-reactor for denitrification and (3) a non-managed field for completing treatment .
The process involves the following operations (1) overdosing the managed field with surplus slurry , (2) collecting and treating the nitrate-rich leachate , (3) irrigating the final treated water over other fields .
The first operation of slurry spreading takes place during spring and summer , while the second operation of drainage water denitrification is mainly performed during autumn and winter . The unit has been operating since December 1990 .
It was installed in spring 1990 on a structured and well drained silty soil (soil texture : 14 и 1% clay ; 22 и 9% sand ; 63 и 4% silt) with 1 и 82% total carbon , 0 и 178% total nitrogen and an initial pH of 5 и 6 .
. 1 . 1 . Pilot facility design and construction
The initial stage was the design of the drainage system using a ''laser'' equipped machine which locates the position of the drains , before installing them .
Two main layers were distinguished , top soil (0 -30 cm depth) and subsoil (30 -80 cm depth) . First the topsoil was entirely removed , then the subsoil progressively . The plot was completely isolated hydrologically by means of a ''polyane'' film placed at the base of the drains . The drains made of hard polyvinychloride were then put on the film at previously selected places . To avoid water stagnation , each 6 m length was installed with a slope , the drain being placed down the middle of the slope . The drains were then filled in by gravel and the gravel was covered by an additional plastic film (''Bidim'' , a permeable antifouling membrane) in order to avoid root colonisation and blocking of the drains . The subsoil , from which stones and pebbles were separated , was then replaced on the Bidim film . A control plot of 100 m 2 was constructed in a similar way .
Six drains of 74 m length and 100 mm diameter , each 6 m apart , were necessary in the main plot , of Three plastic lined lagoons were installed as shown in Fig . 1 
. . Parallel laboratory trials
The bench-scale treatment system consisted of a series of denitrification reactors of 60 l capacity (polyethylene cylinders) and a peristaltic pump . The drainage water used during all laboratory studies came from the field experiment . Two separate experiments were carried out .
. . 1 . Batch denitrification
The object of this first trial was to study the influence of the C / N ratio on the ef ficiency of denitrification . Each of the four reactors contained 50 l of drainage water with a nominal nitrate concentration of 500 mg / l . Four volumes of slurry , nil , 0 и 4 l , 2 l and 6 l , was then added to each reactor to reach C / N ratios of 0 , 0 и 5 , 2 и 5 and 8 и 2 respectively . After appropriate intervals , a few ml of sample was removed to determine the extent of denitrification .
. . . Semi -continuous denitrification
The object of this second trial was to evaluate during a semi-continuous study the denitrification potential remaining in a mixed liquor from the previous batch study i . e . with dif ferent levels of carbon available . An equal volume (15 l) of the mixed liquor from the four treatments collected at the end of the previous experiment was continuously fed with a single solution of drainage water with a nominal nitrate concentration of 500 mg / l . The flow rate was kept at 100 ml / h . Again , after appropriate intervals , a few ml of sample was removed to determine the extend of denitrification .
. 3 . Laboratory analyses
Each batch of slurry spread on the top of the managed field was analysed using current laboratory methods for total solids (TS) , total 
(9 , 0 и 1) (9 , 11 и 7) (9 , 15 и 2)
-not measured .
analysis of the leachate water which percolates through the soil . The field observations presented in Table 2 , dem- The results from the continuous measurements of (Table 3) . Table 4 shows inorganic-N profiles determined during the first year of the experiment . We found 250 kg mineral-N / ha in March 91 . This relatively high inorganic-N content was due to slurry applied in December and January being partly nitrified and partly taken up by the ryegrass growing in the plot .
. . Soil nitrification
The second mineral-N profile was determined on the 29 of October 1991 , one month after the last slurry spreading . More than 400 kg NO 
. 4 . 2 . Laboratory batch denitrification
During the batch study (Experiment 1) , denitrification was complete after 4 d with the higher C / N ratio (8 и 2) , and after 8 d with the C / N ratio of 2 и 5 . The lower C / N ratio (0 и 5) was insuf ficient to maintain denitrification (Table 5) . It was encouraging to note during our study that the pH of the two treatments with low C / N ratio (0 and 0 и 5) remained stable at values near neutral (6 . 5 -7 . 2) whereas the two treatments with high C / N ratio (2 и 5 and 8 и 2) showed a similar increase in the pH , from 7 и 5 to 8 и 5 . This observation confirms the denitrification process which is known to result in alkalinity . The BOD 5 removal during denitrification (63 -99%) was always higher than the COD removal (56 -73%) due to nondegradable organic matter applied with the slurry carbon source .
. 4 . . Laboratory semi -continuous denitrification
It was surprising to note that the treatment with the critical C / N ratio (0 и 5) that showed a failure during experiment 1 (batch) was able to achieve some additional denitrification during the semi-continuous treatment study shown in Table 5 . This second experiment clearly demonstrates the feasibility of semicontinous denitrification under our conditions . The yield of this consecutive denitrification was however dependent on the residual carbon available as shown in Fig . 5 .
. 5 . Nitrogen balance
After a one-year experiment , it was possible to establish a preliminary nitrogen balance from the slurry nitrogen applied through the soil / plant / water system . It showed that 44% of the N remained in the soil , 10% was taken up by the ryegrass , 5% leached and subsequently denitrified and 41% was lost from the soil / water / plant system , presumably due to ammonia volatilisation and / or soil denitrification . The nitrogen fluxes were further estimated ( The ammonia volatilized following spreading was only estimated during the third year of slurry applications and was established to be 10% (Moal et al .
27
This process is however highly variable depending on weather and soil conditions and it was found that on some occasions , up to 50% of ammonia volatilized .
The estimate given in Fig . 6 is thus a compromise between measured and literature data .
. Discussion
A fully drained field such as Solepur with a total recovery of the leachate provided a unique opportunity to evaluate soil purification performances . The nutrient load in the Solepur field slurry purification facility is about twenty times that on normal agricultural land . However , the drainage water collected from the field was similarly clear to the drainage water taken from any agricultural land . This result illustrates the surprisingly high filtration and purification capa- Nitrification is a two-step sequential aerobic oxidative pathway for the oxidation of ammonium (NH a range COD / N-NO X ratio of 5 и 9 : 1 to 9 и 0 : 1 to achieve complete denitrification (depending on the carbon source) . In our study , the COD / N-NO X ratios for the four treatments evaluated were 0 , 1 и 5 : 1 , 6 и 9 : 1 and 20 и 7 : 1 respectively . So despite the dif ferences in carbon source , which in the present study was pig slurry , it appears that a COD / N-NO X ratio of 6 : 1 is necessary to achieve a full denitrification sequence . Our results on semi-continuous denitrification also suggest that when excess carbon is used for a denitrification , it is possible to achieve a subsequent denitrification run by directly adding the nitrate rich leachate to the reactor , while a fraction of the total volume is left in the denitrification reactor as inoculum for the next batch without additional supply of pig slurry . The utilisation of this cheaper and available by-product to support denitrification makes it necessary to irrigate the denitrified ef fluent to a final soil filtration to remove the residual carbon load .
The indicative nitrogen balance also showed that an important part of the nitrogen budget amounting to 30 -40% was unaccounted and was assumed to be lost by soil denitrification . It is probable that owing to the supply of carbon with the repeated slurry applications and the anaerobic zones created , the soil enhanced its denitrifying activity . The direct measurement of soil denitrification has been carried out recently (Chadwick , 1996 ; private communication of unpublished results) and tends to confirm that this process becomes important particularly during autumn and winter months when the soil is at field moisture capacity . It was also found that significant losses of N 2 O are emitted into the atmosphere . Other workers have investigated the manipulation of indogenous biological soil systems dynamics in order to reduce nitrate leaching from agricultural soils 31 by adding a readily available carbon source , or by the addition of carbon directly to aquifers .
32 These natural approaches have the potential to minimize agricultural pollution .
. Conclusions
The Solepur unit is still , after five years of treatment , demonstrating the removal of organic matter and nitrogen from pig slurry with undiminished ef ficiency . (1) With an annual nominal load of 1000 m 3 ha Ϫ 1 yr Ϫ 1 of pig slurry , the first stage of the process , soil and biological filtration , led to the removal of 90% of nitrogen , 99 . 9% of phosphorus and reduced COD and BOD 5 to a similar extent .
(2) After five years of intensive and repeated pig slurry applications , and an annual nitrogen load in excess of 5000 kg N / ha , the Solepur soil treatment and nitrogen removal system maintains and even enhance its nitrification potential .
(3) The purification and biodegradation of raw pig slurry to a clear drainage water was satisfactorily demonstrated over 5 yr , which illustrates the strong filtration and purification capacity of the soil .
(4) The extent of nitrate rich leachate denitrification using small amounts of pig slurry as a carbon source was ef fective but require a final soil treatment stage for the denitrified ef fluent . A C / NO Ϫ 3 -N ratio of 3 : 1 was found to be essential for complete denitrification of nitrate-rich leachate when raw pig slurry was used as an external carbon source .
(5) During both laboratory and field denitrification experiments , the phenomenon of transient accumulation of nitrite occurred , although it had been removed by the end of the denitrification process . This may lead to an increase in the production of nitrous oxide .
Further studies of the denitrification gases are required .
(6) The approximate nitrogen balance showed that in situ soil denitrification during winter is probably an ef fective nitrogen removal pathway . However , operating conditions to avoid nitrous oxide emissions should be determined .
